The aim of this work was to screen extracts from Annona muricata and Annona reticulata in vitro against Plasmodium falciparum. Crude ethanolic extracts, methylene chloride fractions, aqueous fractions, subfractions and isolated compounds (stigmasterol-3-O-β-D-glucopyranoside, lichexanthone, gallic acid and β-sitosterol-3-O-β-D-glucopyranoside) were tested for cytotoxicity on erythrocytes and Human Foreskin Fibroblasts cells and against the W2 strain of P. falciparum in culture.
Introduction
Malaria is a life-threatening disease caused by parasites that are transmitted through the bites of infected mosquitoes. According to the latest estimates, there were about 198 million cases of malaria and an estimated 584,000 deaths from malaria in 2013 [1] . Most deaths occur among children living in sub-Saharan Africa, where a child dies from malaria every minute. Malaria mortality rates among children in Africa have been reduced by an estimated 54% since 2000, though it remains one of the most devastating infectious killers [1] .
Artemisinin-based combination therapies are now recommended therapies for falciparum malaria in nearly all countries [2] . The recent emergence of artemisinin-resistant parasites in Southeast Asia [3] has highlighted the need for new treatments for malaria.
For centuries, plants have served as a rich source of novel compounds for the treatment of various human diseases. Antimalarial drugs developed from plants include quinine from Cinchona tree bark and artemisinin from Artemisia annua [4] . Ethnobotanical surveys play an important role in the identification, selection and development of therapeutic agents from medicinal plants. In Cameroon and most parts of Africa, plant extracts are still widely used in the treatment of malaria and several other diseases, in particular in areas where access to standard treatments is limited. However, the potential of many of these plants as sources of antimalarial drugs has yet to be fully explored [5] . A systematic search for Cameroonian plant species with antimalarial activity is underway in our laboratory. Many medicinal plants used for traditional treatment of malaria have been identified, including Annona muricata and Annona reticulata [5] . Annona muricata L., commonly known as graviola or soursop, is a small, upright tropical evergreen tree, 5-6 m high, with large glossy, dark green leaves. It produces a large, heart-shaped, edible fruit that is 15-23 cm in diameter, is yellow-green in color and has flesh inside. All parts of the A. muricata tree have been used medicinally in traditional herbal medicine in South America with the following properties and actions: anthelmintic, antiplasmodial, antiparasitic, antimicrobial, antipyretic, sedative, antispasmodic, nervine, hypotensive, anticonvulsant, digestive, antitumor and anticancer [6] . Moreover, aqueous and organic extracts of various organs of A. muricata have been previously investigated for antiplasmodial activity [7] [8] [9] [10] . Annona reticulata L., commonly known as bullock's heart, is a low, erect tree with a spreading or rounded crown, and a trunk up to 25-35 cm in diameter. It grows up to 10 m high. The leaves are narrow-lanceolate, alternating, oblong and deciduous, measuring up to 10-20 cm in length and 2-5 cm in width, with conspicuous veins and a bad smell. The fruit measures 8-16 cm in diameter and may be irregular, symmetrically heart-shaped, nearly round, or lopsided, with a depression at the base [11] . In traditional medicines, this plant has various pharmacological activities such as antioxidant, anticancer, analgesic, nervous system depressant, antimalarial, anthelmintic, and anti-syphilitic [11] .
This report describes the in vitro antiplasmodial activity of extracts from two Annonaceae, A. muricata and A. reticulata, which are traditionally used to treat malaria in Cameroon and elsewhere.
Experimental Section

Plant Collection and Authentication
Plants were selected based on the results of an ethnopharmacological survey on Annonaceae species used traditionally to control malaria and fever in Cameroon [5] .
Plants were collected at the University of Yaoundé 1 Campus and Shell Nsimeyong in Yaoundé, Cameroon in May 2011 and July 2013 for A. muricata and A. reticulata, respectively. Voucher specimens of plant samples were deposited under the respective reference numbers 32879/HNC and 66886/HNC. Collected samples were air dried and ground before extraction.
Preparation of Extracts and Fractionation
The extracts were prepared following the method previously described [12] that was designed to prepare acetogenin-rich fractions, with slight modifications. The materials were submitted to a 95% ethanol extraction for 48 h to yield the ethanolic crude extracts. The ethanolic extracts were partitioned between H2O and CH2Cl2. The CH2Cl2 layers were submitted to vacuum evaporation using a rotating evaporator (BUCHI 011). H2O layers were dried under ventilation at room temperature. Crude ethanolic extracts, CH2Cl2 fractions and H2O fractions were tested for antiplasmodial activity.
Further fractionation and antiplasmodial screening were performed on the CH2Cl2 fractions of root and stem bark extracts of A. muricata.
The CH2Cl2 fraction of the root extract of A. muricata (31.67 g) was subjected to column chromatography over silica gel (Merck, 230-400 mesh) and eluted with hexane, hexane/EtOAc, EtOAc, EtOAc/MeOH and MeOH, in increasing polarity. One hundred and forty four fractions of 250 mL each were collected and subsequently combined according to their TLC profiles on a pre-coated silica gel 60 F plate developed with n-hexane/EtOAc and CH2Cl2/MeOH mixtures, to give eight subfractions (AMrSF1-AMrSF8) and one compound (AMrP1).
Similarly, column chromatography of 51.75 g of the CH2Cl2 fraction of the stem bark extract of A. muricata led to 388 fractions subsequently combined into 43 subfractions (AMsbSF1-AMsbSF43) and three products, codified AMsbP1, AMsbP2 and AMsbP3.
The structures of isolated products were elucidated using spectroscopic analysis (proton-and carbon 13-NMR, mass spectra (MS), COSY, HSQC and HMBC) and confirmed by comparison with published results.
Evaluation of Biological Activities
Erythrocyte Susceptibility to Plant Extracts
A preliminary toxicological assessment was carried out to determine the highest drug concentrations that could be incubated with erythrocytes without apparent toxicity. This was done according to the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide/phenazine methosulfate (MTT/PMS, Promega) colorimetric assay [13] , with some modifications [14] . This method is based on the reduction of MTT to formazan by enzymes of viable cells, especially the dehydrogenases such as glucose-6-phosphate dehydrogenase of the pentose phosphate pathway of erythrocytes. The extract stock solutions in 10% DMSO (1 mg/mL) were serially diluted in 96 well culture plates using RPMI 1640 and tested at the highest concentration of 20 μg/mL in triplicate against erythrocytes (2% hematocrit) (at 37 °C, in a 3% O2, 5% CO2 and 91% N2 atmosphere, in the presence of RPMI 1640, 25 mM HEPES, pH 7.4 for 48 h). At the end of the incubation period, the cultures were transferred into polypropylene microcentrifuge tubes and centrifuged at 1500 rpm for 5 min, and the supernatant was discarded. A total of 1.5 mL MTT solution with 250 μL g PMS was added to the pellets. Controls contained no erythrocytes. The tubes were thereafter incubated for 45 min at 37 °C, and then centrifuged, and the supernatant was discarded. The pellets were re-suspended in 0.75 mL of HCl 0.04 M in isopropanol to extract and dissolve the dye (formazan) from the cells. After 5 min, the tubes were vigorously mixed and centrifuged, and the absorbance of the supernatant was determined at 570 nm, with absorbance representing healthy cells. The highest drug concentrations producing minimal damage to the cells were considered starting points for drug dilutions.
Human Foreskin Fibroblast (HFF) Susceptibility to Plant Extracts
To determine selectivity indices of active extracts, a toxicological assessment was carried out with human foreskin fibroblast (HFFs), essentially as previously described [15] . Briefly, serially diluted extracts in 2% DMSO were incubated with HFF cells (ATCC-HS68) in culture using a 96-well plate format (Costar). Negative controls consisted of cells without inhibitor. Cultures were incubated for 24 h at 37 °C in humidified CO2, and 20 µL of MTS/PMS (Promega, Madison, USA) was added to each well and incubated for 1.5 h at 37 °C. Absorbance was then recorded at 490 nm using a 96-well plate reader (Biotek EL800, Vermont, NE, USA). The percent growth inhibition was calculated from the optical densities relative to the negative control, and 50% cell cytotoxicity (CC50) values were determined using GraphPad Prism 5.0. Selectivity indices of plants extracts, defined as the ratio CC50 /IC50 parasites, were determined.
Antiplasmodial Activity
Plasmodium falciparum strain W2 was maintained in culture in sealed flasks at 37 °C, in a 3% O2, 5% CO2 and 91% N2 atmosphere in RPMI 1640, 25 mM HEPES, pH 7.4, supplemented with heat inactivated 10% human serum and human erythrocytes to achieve a 2% hematocrit. Parasites were synchronized at the ring stage by serial treatment with 5% sorbitol (Sigma, Taufkirchen, Germany) [16] and studied at 1% parasitemia. Plant extracts were prepared as 1 mg/mL stock solutions in dimethyl sulfoxide (DMSO), further diluted as needed for individual experiments, and tested in triplicate.
The stock solutions were diluted in supplemented RPMI 1640 medium so as to have at most 0.1% DMSO in the final reaction medium. An equal volume of 1% parasitemia, 4% hematocrit culture was thereafter added and gently mixed thoroughly. Negative controls contained equal concentrations of DMSO. Positive controls contained artemisinin (Sigma, Taufkirchen, Germany). Cultures were incubated at 37 °C for 48 h. Parasites at the ring stage were thereafter fixed by replacing the serum medium by an equal volume of 1% formaldehyde in PBS. Aliquots (50 µL) of each culture were then added to 5 mL round-bottom polystyrene tubes containing 0.5 mL 0.1% Triton X-100 and 1 nM YOYO nuclear dye (Molecular Probes) in PBS, and parasitemias of treated and control cultures were compared using a Becton-Dickinson FACSort flow cytometer to count nucleated (parasitized) erythrocytes. Data acquisition was performed using CellQuest software. These data were normalized to percent control activity and IC50s were calculated using Prism 5.0 software (GraphPad, CA, USA) with data fitted by non-linear regression to the variable slope sigmoidal dose-response formula, y = 100/1 + 10
, where H is the hill coefficient or slope factor [17] .
Results and Discussion
Plant Extraction and Fractionation
From each investigated plant organ, an ethanolic crude extract was prepared and subsequently partitioned into H2O and CH2Cl2 fractions. They were all tested for biological activity, and the CH2Cl2 fractions of A. muricata root and stem bark (AMrCH2Cl2, AMsbCH2Cl2) were selected as promising (Table 1 ) and subjected to flash chromatography as described in the materials and methods section to afford the chemically known constituents AMrP1, AMsbP1, AMsbP2 and AMsbP3 (Figure 1) . Isolated compounds were identified by comparison of their spectroscopic data with those reported in the literature as stigmasterol-3-O-β-D-glucopyranoside (AMrP1) [18, 19] , lichexanthone (AMsbP1) [20, 21] , gallic acid (AMsbP2) [22, 23] and β-sitosterol 3-O-β-D-glucopyranoside (AMsbP3) [24] . Stigmasterol-3-O-β-D-glucopyranoside (AMrP1) was reported in the root of Polyalthia longifolia var pendula [25] . Lichexanthone (AMsbP1) had previously been isolated from the root of Rollinia leptopetala [26] and from the bark of Guatteria blepharophylla [27] . Gallic acid (AMsbP2) and β-sitosterol 3-O-β-D-glucopyranoside (AMsbP3) were recently found in the leaf of Polyalthia longifolia [28] and twig of Annona squamosa [29] respectively, all plants belonging to the Annonaceae family.
The 79 extract samples prepared from the two investigated plants were screened for antiplasmodial activity. Crude extracts from the pericarp, root, and stem bark of A. muricata and stem bark, root, and fruit of A. reticulata showed antiplasmodial activity, with IC50 values ranging from 0.29 to 1.90 µg/mL (Table 1) . Crude ethanolic extracts from the leaf and twig of A. reticulata were inactive (IC50 > 10 µg/mL).
From the crude ethanolic extracts, CH2Cl2 and H2O fractions were prepared by liquid-liquid partitions. Overall, none of the H2O fractions showed activity. On the other hand, apart from the ARlCH2Cl2 fraction from A. reticulata leaf, the seven other CH2Cl2 fractions from both plants exhibited potent activity, with IC50 values ranging from 0.19-1.50 µg/mL ( Table 1 ). The most potent was from the root extract (AMrCH2Cl2-IC50 = 0.19 µg/mL). Overall, the fractions AMpCH2Cl2, AMrCH2Cl2, AMsbCH2Cl2, ARtwCH2Cl2, AResbCH2Cl2, ARrCH2Cl2 and ARfrCH2Cl2 were promising, with IC50 values below 5 µg/mL. Fraction AMrCH2Cl2 showed the best selectivity (SI ˃ 52.6). The percent extraction yields were calculated in percentages (w/w); The susceptibility of HFF cells to plant samples was evaluated in culture; b
The susceptibility of the W2 strain of P. falciparum to plant extracts was evaluated in culture; 
Susceptibility of Erythrocytes, HFF Cells, and P. Falciparum to Plant Extracts
All the tested extracts showed no toxicity to erythrocytes and HFF cells at concentrations up to 10 μg/mL, indicating IC50 values greater than 10 μg/mL.
Further fractionation coupled with biological screening was performed on the two CH2Cl2 fractions of root (AMrCH2Cl2) and stem bark (AMsbCH2Cl2) of A. muricata. They were submitted to flash chromatography eluting with solvent systems of increasing polarity (Hex-EtOAC 100:0-0:100, and EtOAC-MeOH 95-5-0:100) to afford subfractions and four pure compounds (stigmasterol-3-O-β-D-glucopyranoside (AMrP1), lichexanthone (AMsbP1), gallic acid (AMsbp2) and β-sitosterol-3-O-β-D-glucopyranoside (AMsbP3)) that were assessed for antiplasmodial activity. Three of eight subfractions (AMrSF1, AMrSF2 and AMrSF3) obtained from the root extract of A. muricata possessed activity, with IC50 values of 0.61 µg/mL, 0.22 µg/mL and 0.09 µg/mL, respectively (Table 1) , with improved activity compared to the initial crude ethanolic extract (AMrEthOH-IC50 = 0.79 µg/mL). The isolated compound from the root of A. muricata, stigmasterol-3-O-β-D-glucopyranoside, did not show activity at concentrations up to 10 µg/mL.
The CH2Cl2 fraction of A. muricata stem bark extract yielded 43 subfractions among which 18 (AMsbSF2, AMsbSF15, AMsbSF16, AMsbSF17, AMsbSF18, AMsbSF19, AMsbSF20, AMsbSF21, AMsbSF22, AMsbSF24, AMsbSF27, AMsbSF28 AMsbSF29, AMsbSF30, AMsbSF31, AMsbSF32, AMsbSF33, AMsbSF34, AMsbSF35 and AMsbSF36) showed antiplasmodial activity (IC50 < 5 µg/mL), with IC50 values ranging from 0.07 µg/mL (AMsbSF30) to 3.46 µg/mL (AMsbSF16). Among the three isolated compounds from this CH2Cl2 fraction (lichexanthone, gallic acid and β-sitosterol 3-O-β-D-glucopyranoside), only gallic acid showed activity, with IC50 3.32 µg/mL. Subfraction AMsbSF30 exerted the best activity (IC50 = 0.07 µg/mL) and also showed the highest selectivity (SI = 142.3).
Moreover, according to previously agreed criteria [30] , Subfraction 3 of the root extract (AMrSF3) and Subfraction 29 of the stem bark extract (AMsbSF30) from A. muricata that showed IC50 values below 0.2 µg/mL and SI ˃ 100 could be considered as promising starting points for drug development. Furthermore, SI ˃ 10 indicates appropriate pharmacological efficacy and safety of plant extracts [31] . Based on these criteria, 19 samples out of the 79 extracts, fractions, and subfractions tested showed acceptable selectivity (SI ˃ 10.6-142.3).
In our previous report [5] , Annonaceae used to treat malaria, including A. muricata, were described. The use of A. reticulata in the traditional cure of malaria was reported [11] . In the present study, extracts from A. muricata and A. reticulata showed antiplasmodial activity, with IC50 values < 10 µg/mL, and did not demonstrate cytotoxicity.
Extracts from A. muricata pericarp, root and stem bark showed potent antiplasmodial activity. Results obtained with A. muricata crude ethanolic extracts from pericarp, root and stem bark and their respective CH2Cl2 fractions corroborated the findings of other authors [7] . Twenty micrograms per milliliter of soaked leaves of A. muricata in a 1:1 chloroform/methanol mixture caused 67% inhibition of P. falciparum [8] . Moreover, hexane, ethyl acetate and methanol extracts of A. muricata leaf exhibited moderate activities against chloroquine sensitive but not chloroquine resistant strains of P. falciparum. However, in their study the most potent ethyl acetate extract was toxic to human monocytes. In a similar approach, A. muricata leaf powder (from Malaysia) defatted with hexane and sequentially extracted with dichloromethane, methanol and water showed promising activity against P. falciparum, with negligible toxicity against bovine cells [9] . In another study, A. muricata leaf aqueous, ethanol and pentane extracts showed moderate antiplasmodial activity [10] . Few results have been reported for the antiplasmodial activity of isolated constituents from A. muricata, mainly acetogenins [10] . Anonaine isolated from the fruit of A. muricata showed antiplasmodial activity [32] with low cytotoxicity.
Moderate antiplasmodial activity of gallic acid was reported [33] , and authors concluded that the activity was linked to its very strong antioxidant capacity [33] . In our study, β-sitosterol-3-O-β-D-glucopyranoside showed no activity, contrary to the reports of other authors who claimed appreciable potency for the same compound isolated from the bark of Dacryodes edulis (Burseraceae) [34] .
Also, extracts and fractions from leaf, twig, root, stem bark and fruit of A. reticulata showed activities against P. falciparum. As far as we know, this is the first report on the antiplasmodial activity of extracts from A. reticulata. However, A. reticulata has been investigated for activity against other protozoan parasites. The in vitro anti-leishmanial activity of extracts from the leaf and seed of the plant was studied [35] , and results showed that the oxoaporphine alkaloid liriodenine isolated from the leaf dichloromethane extract was active against promastigote forms of L. amazonensis, L. braziliensis and L. guyanensis and against the intracellular amastigote forms of L. amazonensis [35] .
Conclusions
Our results highlight the antiplasmodial activity and lack of cytotoxicity of extracts from A. muricata and A. reticulata. Detailed studies are ongoing to characterize the active principles and further structure-activity-relationships.
